Abstract-In this paper, a quad-band wearable slot antenna with low specific absorption rate (SAR) is presented. By cutting an inverted V-shaped slot with its arms further extended towards the center of the circular patch, multiple resonant modes of the antenna can be excited to operate on 1.8 GHz DCS, 2.4 GHz WLAN and 3.6/5.5 GHz WiMAX bands. The measured peak gains and impedance bandwidths are about 4.91/7.84/2.58/4.12 dBi and 320/60/80/180 MHz for the 1.8/2.4/3.6/5.5 GHz bands respectively. The SAR of the proposed antenna has been measured using a three layer human tissue model. The estimated SAR values at all the resonant frequencies are well below the threshold limit of 2 W/kg, which ensures its viability for wearable applications. In order to approximate different parts of the human body, the SAR values have been estimated for three surface sizes, 120 × 120 mm 2 , 220 × 220 mm 2 and 320 × 320 mm 2 , of the human tissue model, and results are compared. Frequency detuning of the proposed antenna due to bending along x, y and x-y planes has also been carried out and discussed. Further, on arm effect on the antenna performance is investigated, and results are presented. The simulated and measured results are in good agreement, which validates the use of proposed wearable antenna in DCS/WLAN/WiMAX bands.
INTRODUCTION
In recent days, due to advent of wearable sensors and body centric communication systems, it is desirable to integrate many wireless communication standards in a single wireless device for personal wireless communication. In order to satisfy these communication standards, wearable multiband antennas which can operate at 1.7-1.9 GHz for Digital Cellular System (DCS), 2.4-2.484 GHz/5.15-5.825 GHz for Wireless Local Area Network (WLAN) and 3.4-3.69 GHz/5.25-5.85 GHz for Worldwide Interoperability for Microwave Access (WiMAX) are required.
Many multiband slot antennas have been proposed in the past few years [1] [2] [3] [4] [5] [6] [7] . In [1] , dual band operation has been achieved in polygon shaped wearable patch antenna with circular slot and vertical slits on a jeans substrate. Triple band antennas proposed by using U shaped, C and inverted L shaped slots have been reported in [2] and [3] . A triple band switchable antenna with three sickle shaped slots in ground plane is reported in [4] . Further compact triple band slot antennas with microstrip and square slots have been presented in [5] and [6] . The Four band characteristics of the slot antenna reported in [7] were generated by etching rectangular slot and inverted T and E shaped stubs. A multiband antenna for LTE/GSM/UMTS and a multi-slot antenna for wireless body arear network have been reported in [8] and [9] .
For wearable antennas, SAR value is a vital parameter. Many human tissue models have been used in past for the calculation of SAR. Low SAR antennas have been presented in [10] [11] [12] . Human body effects on implantable antennas for single equivalent layer and three layer human tissue models have been presented in [13] . The electromagnetic energy absorption by homogeneous and layered human tissue models has been analyzed in [14] and [15] . In [16] , layered cubic and cylindrical human tissue models have been used for SAR calculations. The bending and on arm effect on a wearable antenna has been analyzed in [17] and [18] .
A circular patch antenna primarily supports TM z modes where z is perpendicular to the patch. In order to find the modes of a circular patch antenna, the circular patch, ground plane, and the substrate between the two are considered as a circular cavity [19] .
In this work, a quad-band wearable slot antenna with a circular patch has been designed on polyester substrate [17] . The antenna has low SAR values at all the resonating frequencies, making it viable for wearable applications. Apart from SAR, bending is another major factor that affects the antenna performance. The effect of bending on frequency detuning of the proposed antenna has also been measured and discussed along x, y and x-y planes. Finally, on arm effect, with and without cloth, have been analyzed and results are presented.
The antenna structure and design procedure are explained in Section 2. In Section 3, the results of the simulated and handmade antennas are compared and discussed. This section also includes the SAR calculations, effect of bending and on arm performance of the antenna. The conclusions are drawn in Section 4.
ANTENNA STRUCTURE AND DESIGN
The basic structure of the proposed quad-band wearable slot antenna is illustrated in Figure 1 . Copper tape is used for preparing circular patch and square ground plane. A polyester cloth substrate with thickness, h = 2.0 mm, dielectric constant, ε r = 1.39, and loss tangent, tan δ = 0.01 is used to design and fabricate the proposed antenna. The size of the fabricated antenna considering the ground plane size is 70 × 70 mm 2 . At first, the radius a of the circular patch is calculated using standard expression given in [19] Finally, the arms of the inverted V-shaped slot are extended on both sides with slanted slots towards center of the patch. This final patch is designated Antenna III. The step by step design methodology and prototype of the handmade antenna is shown in Figure 2 . The surface current distributions of circular patch with final slot at 1.8 GHz, 2.4 GHz, 3.6 GHz and 5.5 GHz are shown in Figures 3 to 6 .
The current density distribution for 1.8 GHz shows that the current distribution is dense, inside and around the slot, whereas for 2.4 GHz band, current distribution is dense, only inside the slot. However, Surface current distribution of Antenna III at 3.6 GHz.
Figure 6.
Surface current distribution of Antenna III at 5.5 GHz. for 2.4 GHz, the current is flowing all over the circular patch. Similarly, the current distribution for 3.6 GHz is dense on the lower left side of the patch. For 5.5 GHz, dense current distribution is observed only inside the slot and sparse current distribution outside the slot.
The geometrical parameters used to fabricate the wearable quad-band antenna are listed in Table 1 . The expressions derived for the estimation of A 1 , A 2 , B 1 and B 2 are given as 19.0
RESULTS AND DISCUSSION
The antenna design is simulated using High Frequency Structure Simulator (HFSS). The fabricated antenna is tested using ANRITSU MS46322A vector network analyzer. The simulated and measured reflection coefficient (S 11 ) plots are shown in Figure 7 and Figure 8 . The obtained impedance bandwidths are given in The simulated and measured radiation patterns at center frequencies of the four bands, i.e., 1.8 GHz, 2.4 GHz, 3.6 GHz and 5.5 GHz, can be observed in Figure 9 to Figure 12 . Figure 13 shows the measured peak gain of the proposed handmade Antenna III. The Inset in Figure 13 shows the photograph of the quad band wearable antenna in anechoic chamber during gain and radiation pattern measurement.
The gain of the proposed antenna is measured using the following expression: where G is the gain of the reference pyramidal horn antenna known over anisotropic antenna, P T the power received by test antenna, and P R the power received by reference antenna. The measured peak gain of the proposed antenna at 1.8 GHz, 2.4 GHz, 3.6 GHz and 5.5 GHz is 4.91 dBi, 7.84 dBi, 2.58 dBi and 4.12 dBi respectively.
SAR Calculations
The proposed antenna is simulated in the vicinity of a three layer human tissue model, as shown in Figure 14 . The thickness of the three human tissue layers used, i.e., skin, fat and muscle, are 3 mm, 13 mm and 60 mm. The gap between the antenna and skin layer is 5 mm. The values of the permittivity (ε r ) and conductivity (σ) of the skin, fat and muscle are obtained from [20] . The loss tangent and density of the layers are kept same as of [1] and [15] . The material properties of human tissue layers used for SAR calculation are given in Table 3 . Initially, the surface size of 120 × 120 mm 2 is considered for human tissue model. Further, to approximate different parts of the human body, the averaged SAR values are estimated for three ascending surface sizes of the human tissue model, i.e., 120×120 mm 2 , 220×220 mm 2 and 320×320 mm 2 . The local SAR distributions at 1.8 GHz, 2.4 GHz, 3.6 GHz and 5.5 GHz, on the surface of the skin layer in X-Z and Y -Z planes, but in X-Y plane, the radiations patterns are almost similar at all the resonant frequencies.
Effect of Bending on Antenna Performance
The effect of bending is measured in x-plane, y-plane and x-y plane. The handmade prototype of Antenna III is bent by keeping it around a PVC (poly vinyl chloride) pipe as shown in Figure 23 . The diameter of the PVC pipe is 150 mm. Figure 24 shows the measured reflection coefficient (S 11 ) of Antenna III under three bending conditions. The results show that lower frequency bands (1.8 GHz and 2.4 GHz) shifts to the left side of the spectrum with further decrease in reflection coefficient, when bent along x and y planes. On the contrary, the higher frequency bands (3.6 GHz and 5.5 GHz) shift to the right side of the spectrum with decrease in reflection coefficient, when being bent along x and y planes. In x- y plane bending, the lower bands and upper bands shift has landed approximately in between the lower bands and upper bands of x-plane and y-plane bending. Frequency detuning, which is observed when measurements are compared for all the three cases of bending is presented in Table 6 . Maximum frequency detuning is observed for 1.8 GHz band when antenna is bent along x-plane, where as minimum frequency detuning is observed for 3.6 GHz band when antenna is bent along y-plane. 
On Arm Effect on Antenna Performance
The on arm effect on antenna performance has also been analyzed. Four cases of the proposed antenna, on arm, are considered as shown in Figure 25 . Two cases are x-plane and y-plane perpendicular to arm length, without cloth, and two cases are x-plane and y-plane perpendicular to arm length, with cloth. Measured reflection coefficient of antenna on different arm conditions is shown in Figure 26 . Frequency detuning, which is observed when measurements are compared for all the four cases of on arm performance are presented in Table 7 . The 1.8 GHz band shifts to the left side of the spectrum for all four cases of on arm performance.
The 2.4 GHz band shifts to the left side for Case 1, does not shift for Case 2, and shifts to the right side of the spectrum for Cases 3 and 4 of on arm condition. The 3.6 GHz band shifts to the left side for Case 1, shifts to the right side for Case 2, and shifts to the right side for Cases 3 and 4, respectively. The last 5.5 GHz band shifts to the left side for Cases 1 and 2, whereas it shifts to the right side of the spectrum for Cases 3 and 4. The maximum frequency detuning during on arm measurements is calculated at 1.8 GHz band for Cases 1 and 2. For 2.4 GHz band, no shift in the frequency is observed for Case 2. Minimum frequency detuning has been found for Cases 1 and 2 at 5.5 GHz band. Table 8 illustrates the comparison between the proposed antenna and the antennas described in the references. It can be seen that the dual band antenna in [1] has the smallest SAR value at 1.8 GHz, but its size is larger than that of our proposed antenna. The table reveals that the SAR values of the proposed antenna at all the resonant frequencies are lower than that of the other works listed in Table 8 . The gain and radiation efficiency of the proposed antenna is better than almost all antennas proposed in references listed in Table 8 . The antenna parameters which were not provided in references are marked with "x" in Table 8 . 
CONCLUSION
This paper presents a handmade low SAR quad-band wearable slot antenna and its design procedure, which is based on simple slot antenna design concepts. The antenna has shown appreciable gain and smooth radiation pattern characteristics over 1.8 GHz DCS, 2.4 GHz WLAN and 3.6/5.5 GHz WiMAX bands. The estimated SAR values at all the resonant frequencies lie well below the threshold limit of 2 W/kg, ensuring the feasibility of the proposed antenna for wearable applications. The results show that surface size of the human tissue model has significant effect on SAR calculations. With the increase in the surface size of the three layer human tissue model, the SAR values tend to decrease. This investigation offers selection criteria to choose the body part of the human body for antenna placement during SAR calculations. The effect of bending along x, y and x-y planes has also been investigated, and frequency detuning is presented and discussed. Finally, on arm performances of the proposed antenna, with cloth and without cloth, have been measured and discussed.
